The surface of a gold foil under ozone oxidation was examined by near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) and scanning electron microscopy (SEM). Our in situ observations show that a surface oxide phase is formed during the exposure to ozone; however this phase decomposes under vacuum and even in the presence of ozone at temperatures higher than 300 1C. Assuming that an oxide overlayer completely covers the Au surface, the thickness of the oxide phase was estimated to be between 0.29 and 0.58 nm by energy-dependent XPS depth profiling. The surface oxidation led to structural modifications of the gold surface. These morphological changes do not disappear even under vacuum. In the Au 4f spectra, an additional component at low binding energy (83.3 eV), which appears during/after O 3 treatment, is assigned to the presence of low-coordinated atoms which appear on the Au surface as a result of surface restructuring under oxidation. Ex situ SEM images demonstrate that only the region of the sample that was exposed to O 3 shows the presence of ridges on the Au surface.
Introduction
The noble character of bulk Au has been well known for centuries. Corrosion and oxidation resistance are the hallmarks of Au, with these properties being exploited in many technological and everyday applications, such as dentistry, jewelry and electronics. However, gold's noble characteristics spectacularly vanish as the dimensions of the material are reduced to the nanometer scale. Experiments have shown that isolated Au atoms are readily oxidized in air. 1 Radiolysis experiments have demonstrated that Au atoms have a redox potential similar to sodium borohydride, one of the most potent reductants in chemistry. Impressive demonstrations of this phenomenon were provided by Haruta and co-workers, 2 who
found Au nanoparticles (supported on transition metal oxides) to have a high catalytic activity in CO and H 2 oxidation, even at low temperatures. This pioneering work has prompted Au catalysis to become a very active research field in recent years. [3] [4] [5] Presently, the catalytic applications of Au concern not only low-temperature CO oxidation, 6 but also epoxidation of olefins, 7, 8 water-gas-shift reactions, 9 C-C coupling reactions, 10 and liquidphase oxidation of alcohols, 11 among others. Nano-structured Au, supported on transition metal oxides, is a highly efficient oxidation catalyst; however, the mechanism of these reactions is still the focus of intense debate in the literature. For instance, edge sites and changes in the electronic structure of Au, due to its interaction with the support, have been suggested to be important factors in establishing activity. 12 Several studies have clearly shown that CO can be readily oxidized to CO 2 , at any kind of Au surface, if a source of atomic oxygen is present. In this study we investigate the interaction of extended Au surfaces with O 3 , using a combination of in situ XPS and ex situ SEM. NAP-XPS measurements allow us to characterize the electronic structure of surface oxide, while SEM provides information about morphological changes after oxidation. The combination of these techniques may shed light on understanding the nature of the Au-O phase and clarify issues discussed in some recent surface science reports. 
Experimental
The experiments were performed at ISISS beamline at BESSY II/HZB (Berlin, Germany). All measurements were carried out in a stainless steel NAP-XPS chamber described in detail elsewhere. 20, 21 The sample was a polycrystalline gold foil (499.95% purity) mounted on a sapphire sample holder between a stainless steel back-plate and a lid with 8 mm hole, shown in the Fig. S1 in the ESI. † The sample was heated from behind by an infrared laser and the temperature was measured by a type-K thermocouple positioned at the sample's surface. The overall spectral resolution was 0.3 eV in O 1s and 0.2 eV Au 4f regions. The spectral intensity was normalized by the incident photon flux, which was measured using Au reference foil. The binding energies (BE) were calibrated using both the Fermi edge and the Au 4f 7/2 second-order peak. We recorded Au 4f 7/2 and O 1s spectra at four different kinetic energies: 175 eV, 350 eV, 600 eV and 1000 eV, using a special combination of exit slit width of the monochromator and pass energy of the electron analyzer, which keeps the total resolution almost the same over the relevant interval of kinetic energies. These kinetic energies correspond to inelastic mean free paths (IMFP) of 0.49 nm, 0.67 nm, 0.91 nm and 1.29 nm (assuming predominantly gold in the near-surface region). 22 All X-ray photoemission spectra were collected in normal photoemission mode. For quantitative XPS analysis least-squares fitting of the Au 4f 7/2 spectra was performed using the commercially available CasaXPS software (www.casa xps. com). A Doniach-Sunjic line shape was used to obtain the best fit. All fitting parameters are given in Table S1 in the ESI. †
Results
The clean Au surface
The first step to study the interaction of O 3 with Au is to obtain a clean Au surface. The fresh Au foil was cleaned by repeating cycles of Ar + sputtering and thermal annealing until no additional elements other than Au were visible in a broad-energy survey XPS spectrum ( spectrum (using 150 eV kinetic energy photoelectrons) shows only a small background step but no sign of adsorbed oxygen or oxygenated contaminants. (Fig. 1B(i) ).
Au oxidation under O 3
When we introduce the O 2 -O 3 mixture into the chamber, the O 1s spectrum immediately changes, developing an intense peak at 529.4 eV (Fig. 1B(ii) Fig. 2 . However, as the sample is cooled from 400 1C to room temperature, the oxide forms on the surface again at temperatures below 300 1C (see Fig. S3 in the ESI †). Interestingly, although the oxide phase totally vanishes after O 3 is removed, the Au 4f spectral shape is not exactly the same as before O 3 treatment. The Au 4f 7/2 peak is slightly broader (FWHM changes from 0.59 eV before O 3 to 0.64 eV after) with a more pronounced tail to low BE (Fig. S4 in the ESI †) . The difference spectrum before and after ozone oxidation (Fig. S4 in the ESI †) clearly shows the existence of an additional component at 83.29 eV assigned to restructuring. At 100 1C, the initial spectrum is recovered only after 8 h, but at 350 1C the additional low BE features disappear after 10 min (not shown). The persistence of the additional low-BE component even after the decomposition of the oxide phase and its removal by thermal annealing reinforces the assignment as an additional surface core-level shift related to restructuring.
Surface restructuring
The structural modifications of the Au foil after O 3 exposure, as suggested by the XPS results, were further confirmed by ex situ SEM characterization. Fig. 3 shows an image of a particular region of the Au surface that was partially covered by the sample holder lid. The nearly vertical line marks the position where the edge of the steel lid was pressed against the Au foil. The region of the sample that was exposed to O 3 (region A in Fig. 3 ) shows pronounced contrast variations that are consistent with the presence of ridges on the Au surface. Conversely, the region that was shadowed by the lid shows a rather uniform contrast suggesting a less-structured surface on this length scale (region B in Fig. 3 ).
Extent of oxidation
We exploited the energy tunability of synchrotron radiation to measure the depth profile of the sample. By generating photoelectrons with different kinetic energies of the photoelectrons, the sample could be probed at various depths. Fig. 4 shows Au 4f and O 1s spectra measured using kinetic energies of 175, 350, 600 and 1000 eV. The O 1s spectra intensity is normalized to the area of the corresponding metallic component Au 0 in order to emphasize the variations in the total amount of oxygen. It can be clearly seen that the Au d+ feature and the O 1s peak are consistently less-pronounced for higher-KE photoelectrons, which originates from deeper layers of the Au foil. Moreover, the main peak at 83.95 eV in the Au4f is more symmetric at higher kinetic energies, which confirms the assignment of the low-BE components to surface related features. These measurements suggest that only the near-surface region of the Au foil is oxidized by O 3 at mbar pressures; however, quantification of the depth-dependent measurements is required for a better assessment of the thickness of the oxide phase.
Thickness of the oxide phase
The mean escape depth for each measurement at different kinetic energies can be approximated using known values of the inelastic mean free path ‡ (IMFP) for Au. 22 Depth profiles are constructed from the integrated XPS areas. Fig. 5 shows the integrated peak areas of the O 1s and Au d+ divided by the Au 0 area as a function of the average escape depth. The normalization by Au 0 is necessary to remove the influence of elastic scattering in the gas phase that is also energy dependent. The thickness of the oxide phase can be estimated by quantification of the depth profile using a simplified structural model consisting of a uniform oxide layer of thickness t over a semi-infinite substrate. 30, 31 Using known atomic densities and assuming the same IMFP for the metal and oxide, the unknown thickness t can be obtained by fitting the experimental data. Details about the procedure are given in the ESI. † By assuming that the oxide over-layer completely covers the Au surface, a good fit was obtained (solid line in Fig. 5 ) and gave a value of t = 0.29 AE 0.02 nm. However, similar models with incomplete coverage of the surface by the oxide phase (patches) also result in reasonable fittings within the experimental errors, resulting in larger values for the thickness. In the extreme case of 60% coverage (dash-dot line in the Fig. 5) , the derived over-layer thickness increases to 0.58 nm (lower coverages do not result in reasonable fittings). Comparing these values to the shortest Au-O distance of 0.201 nm in the Au 2 O 3 structure (most stable bulk Au-oxide) or the smaller axis of its unit cell of 0.404 nm, 32 it is reasonable to conclude the formation of a surface oxide phase during the oxidation of a Au surface with O 3 at mbar pressures.
Oxygen overlayer
The area ratio in both depth profile curves in Fig. 5 decays exponentially with escape depth; however, the oxygen curve (blue squares) decays much faster than the Au d+ when probing deeper into the sample. This observation suggests the presence of an additional adsorbed oxygen over-layer that totally or partially covers the surface oxide layer/patches.
Discussion
The limiting step in the oxidation of Au seems to be the production of atomic oxygen. 12 Since the dissociation probability of O 2 is very small on Au surfaces, 33 atomic oxygen must be supplied by other methods. Recent studies have clearly shown that Au can be readily oxidized when exposed to strong oxidative environments, such as O 2 -plasma and UV/ozone. 24, 34 The formation of Au oxide has been reported, not only for nanoparticles, 1, 6 but also for extended Au surfaces, such as single-crystals 35 and polycrystalline thin films. 25, 28, 36 In our case, the ozone treatment at 100 1C resulted in the formation of a surface oxide phase with a thickness of a few atomic layers, instead of the 3-4 nm thick plasma-oxidized thin films reported by others. 25, 28, 37 This Au surface oxide is unstable under UHV conditions and in an O 2 atmosphere at 100 1C, leaving a clean Au surface when O 3 is removed (Fig. 1A and B(iii) ), in agreement with a previous study. 25 However, under constant O 3 exposure, the surface oxide is stable up to 250 1C. In contrast, based on resistivity measurements, Tsai et al. 28 reported a decomposition half-life time of approximately 10 min for 4 nm Au-oxide films (Au 2 O 3 ) at 100 1C in air. The stability of the surface oxide under an O 3 -containing atmosphere suggests that the surface oxide is in dynamic equilibrium with the gas environment. The constant supply of atomic oxygen, provided in this case by O 3 dissociation, counteracts the spontaneous decomposition and the surface oxide that prevails at higher temperatures. The surface-limited oxidation, observed under our conditions, might be related to this competition between oxidation and reduction/decomposition, and would kinetically limit the oxide growth. This model system under dynamic equilibrium is more representative of a practical catalytic system than static phases under UHV. In the real catalyst, atomic O might be supplied by the oxide support or by direct dissociation of O 2 at the kinks or steps of nanoparticles. It is worth mentioning that we did not observe any X-ray-induced oxidation of Au, as has been previously reported by P. Jiang et al., 38 One of the most controversial aspects of the mechanism of CO oxidation on nano-structured Au catalysts is the source of atomic oxygen. While some authors suggest that a spillover of lattice oxygen from reducible oxide supports is the source of atomic oxygen, others point to the direct dissociation of O 2 at low-coordination sites on the surface of Au nano-particles. 6, 12, 41 The additional surface core-level shift component, related to the restructuring that is observed during ozone treatment in our XPS spectra, (Fig. 1A(ii) ) indicate the formation of lowcoordinated atoms on the Au surface during oxidation. Similar spectral features were previously observed for stepped single-crystal surfaces 29 with a clear correlation between the coordination number of atoms at steps and terraces with the measured surface core-level shift for Au(321) and Au(310) crystals. The surface roughening observed by SEM after the O 3 treatment (Fig. 2) indicates extensive surface restructuring during oxidation, and might have generated the low-coordinated atoms that we had inferred from the XPS analysis. Surface restructuring induced the formation of Au ad-atoms and clusters on a Au(111) surface were directly observed by STM after atomic oxygen exposure, generated by electron-induced NO 2 dissociation. 42 Our combined spectroscopy and microscopy results can be interpreted by the restructuring of the Au surface as reported by others, suggesting the presence of low-coordinated atoms on the surface of the Au foil after ozone treatment. However, it should be stressed that the presence of such proposed active sites for molecular oxygen dissociation does not prevent the disappearance of the Au-oxide when O 3 is removed at 100 1C. Although the low-coordinated atoms may have an enhanced interaction strength with surrounding molecules, and still might play a role in O 2 adsorption at room temperature, our results do not show that they enhance O 2 dissociation. This observation suggests that low-coordinated Au sites alone might not dissociate molecular oxygen as efficiently as at room temperature 11, 42 or the number of active sites was not sufficient to compensate for the thermal decomposition of the oxide, unlike the case of O 3 dissociation.
Conclusions
From the results presented we suggest the following picture of the system gold-ozone under a constant chemical potential of O 3 . The surface consists of an overlayer of atomic oxygen being chemisorbed on a surface oxide by a thickness of 0.29 nm. This layer may be presented as a tri-layer oxygen-gold-oxygen with a region of oxygen atoms diffusing in deeper layers with decreasing probability. The formation of the surface oxide mobilized gold atoms leads to a significant restructuring of the surface and the frequent formation of coordinatively undersaturated species, which leads to shape changes in the Au 4f spectra. These species may be responsible for holding the atomic oxygen at the surface. Whereas the restructuring remains upon lowering the chemical potential of oxygen to vacuum levels, the absorbed oxygen species and also the surface oxide vanish even at 100 1C indicating that the heat of adsorption and heat of formation, respectively, are small even in the presence of the massive restructuring. This sheds light on the energetic consequences of the formation of coordinatively undersaturated gold species. We prefer such a picture of a laterally homogeneous multi-layer architecture over the alternative of laterally inhomogeneous patches of different surface oxide species as the SEM image does not reveal indications for extensive lateral inhomogeneity.
